Introduction
H+-transporting A T P synthases catalyse the synthesis of ATP during oxidative phosphorylation. T h e synthesis/hydrolysis of A T P in the F1 sector of the enzyme, lying extrinsic to the membrane, is reversibly coupled to H+ transport through the transmembrane F, sector. T h e Escherichia coli FIF, ATP synthase is composed of eight different types of subunits with a defined stoichiometry of a 3 P 3 y I G I~1 for F1 and alb2clo+l for F, Abbreviations used: C/M/W solvent, chloroform/methanoywater (4:4:1) made 50 mM in NaCI; DCCD, N,N'-dicyclohexylcarbodiimide; NCCD, N-(2,2,6,6-tetramethylpiperidine-1 -oxy) 4 '-cyclohexylcarbodiimide; NOE, nuclear Overhauser enhancement. *To whom correspondence should be addressed.
[ 11. T h e uncertainty in determination of subunit c content is sufficient that we favour a number of 9-12, a number that we speculate may relate to the number of protons translocated per ATP synthesized [2] . T h e organization of subunits in F, remains to be determined, although some information is available on the topological arrangement of subunits in the membrane [2] . T h e 156-residue subunit b is anchored in the lipid bilayer of the membrane by a hydrophobic Nterminal a-helix, with the charged, trypsin-sensitive bulk of the subunit extending from the F1-binding side of the membrane. Proteolytic cleavage of the exposed region abolishes F1 binding. T h e 271-residue subunit a is inserted in the lipid bilayer with multiple (perhaps six) membrane-spanning helices. T h e number and topoVolume 23 logical arrangement of helices and loops remains undefined, particularly in the very hydrophobic C-terminus [2] . T h e 79-residue subunit c is inserted in the membrane as a hairpin of two a-helices with the loop of the hairpin exposed to the F,-binding side of the membrane; support for this model is reviewed in [2] .
In this essay we will discuss the crucial roles that the transmembrane and polar loop domains of subunit c are thought to play in ATPasecoupled H+ transport. Asp-61, centred in the second transmembrane helix, is thought to protonate and deprotonate as each H+ is transported. H+ transport is thought to be coupled to conformational changes in the loop region that are subsequently propagated to the F1 sector of the enzyme, where structural changes at catalytic sites lead to an alternation in ADP and P, binding and ATP release. Genetic experiments suggest a requirement for specific helix-helix interactions during subunit c function. We have recently shown that monomeric subunit c folds as a helical hairpin in a single-phase, chloroform/ methanoywater solvent (C/M/W solvent) mixture with retention of properties expected for subunit c in F, in s i b . T h e structure of this monomeric subunit c is being determined by NMR. The glimpses of structure available to date conform well with structural predictions from studies in situ. With this structural information as background, we will discuss some of the characteristics of Asp-61-mediated H+ transport. In the last section we review recent experiments which suggest that the loop region of subunit c may directly interact with specific domains of subunits E and y during the coupling of proton transport to ATP synthesis.
Hairpin folding and helix-helix interactions in subunit c in the F, complex N,N'-Dicyclohexylcarbodiimide (DCCD) reacts specifically with Asp-61 of subunit c with resultant inhibition of proton translocation and coupled ATP hydrolysislsynthesis. This specific reaction with DCCD is slowed by mutations in two residues, i.e. Ala-24 and Ile-28 [2] , and suggests a close proximity of Asp-61 to a DCCDbinding pocket that includes these residues. Subsequently, Miller et al. [3] described a functional double mutant of subunit c where the inactivating Asp-61 +Gly substitution was compensated for by a second substitution of Ala24+Asp. T o rationalize function in the Asp-24Gly-61 double mutant, it was suggested that the essential carboxyl group could be placed in an equivalent position between helices when it was anchored to either residue 24 on helix-1 or residue 61 on helix-2. The two helices were proposed to act as a structural unit to present the carboxyl group for protonation/deprotonation during the H+ transport cycle.
Properties of subunit c in C/M/W solvent
The DCCD-binding protein of mitochondria was originally described by Beechey and co-workers [4] and shown to extract into chloroform/methano1 solvent. Subsequently, Fillingame described a similar protein in membranes of E. coli [5] , and utilized chloroform/methanol as a solvent for purification [6] . When we initiated NMR structural studies on subunit c in C/M/W solvent [7, 8] , our key concerns pertained to whether the protein folded as a hairpin, as it was thought to in the membrane, and whether the unique chemical properties of Asp-61 were preserved. Both questions are now answered. Asp-61 was shown to retain its unique reactivity with DCCD, relative to other carboxyl groups in the protein, when dissolved in C / W solvent [8] . Further, reaction of DCCD with the Ile-B-+Thr mutant protein was slower than with wild-type protein, which suggested that the protein folded to bring residue 28 close to Asp-61 [8] . We discuss additional properties of Asp-61 and direct evidence for the folding of subunit c as a hairpin of two extended a-helices in C/M/W solvent below. The solvent may reasonably mimic a two-phase system like a lipid bilayer by organizing heterogeneously around different regions of this amphipathic protein.
Structure of subunit c by NMR
Assignments have been made for 78 of the 79 amino acid residues in subunit c by two-dimensional 'H NMR and sequence-specific assignments made for more than 50 residues [7] . Through space distance restraints [nuclear Over- assigned 'H elsewhere in the protein were determined from the extent of resonance broadening caused by paramagnetic relaxation. A model for helical packing in the NCCD-modified protein was generated using this information together with simultaneously determined NOEs (15 interhelical restraints, 89 intrahelical restraints). In the model, the two helices are slightly curved and cross each other at an angle of approximately 20". An unravelling of helix-2 occurs around the site of NCCD binding; this may reflect a structural change from the unmodified protein. One ring of the NCCD appears to lie in a pocket, one helical turn away from Asp-61, formed by the absence of a side chain at Gly-58 and the presence of the large side chains of Phe-53, Phe-54 and Met-57. In subunit c of other species, Gly/Ala are always present at the position equivalent to position 58 and bulky, hydrophobic residues at positions equivalent to 53, 54 and 57. The pocket may explain the unique DCCD reactivity of the equivalent carboxyl group in all species, i.e. the pocket may stabilize the interaction of DCCD with the protein long enough for rearrangement of the 0-acylisourea intermediate to the stable N-acylurea product. The model provides clues as to why the protein might form a stable hairpin in the C/M/W solvent mixture. First, aromatic clusters are observed at both ends of the interacting helices; such clusters are estimated to provide 4.2-8.4 kJ/mol (1-2 kcaV mol) of stabilization energy [8] . Secondly, an alternation and interdigitation of long and short side chains occurs along the interacting face of the helices and presumably stabilizes folding by maximizing van der Waals interactions. These types of interactions also occur in the structures 762 of the bacterial reaction centre and bacteriorhodopsin.
Most recently we have attached a nitroxide probe to Cys-67 in the protein and devised NMR difference spectral methods (diamagnetic minus paramagnetic) to identify resonances lying within the 15-A-radius sphere of extensive paramagnetic relaxation [9] . A detailed structure for this local region of the protein, which includes Asp-61, was calculated from 150 NOEs and 27 hydrogen bonding restraints (Figure 1 ). The NOEs observed in the previously studied unmodified protein were also observed here, so it seems unlikely that the Cys-67 derivatization perturbs the structure of the protein. The substructure of the well-defined region consists of two gently curved cr-helices, which cross at an angle of 30" at the point where Met-17 and Ala-21 are opposite Gly-69 and Met-65 respectively. The Cterminal helix is slightly unravelled from Val-60 to Ala-62 and changes direction by 25" at Pro-64.
The two helices are packed together throughout their length by the interdigitation of long and short residues as discussed previously. The aro- matic clusters predicted for the NCCD-modified protein are also observed. Of considerable interest is the proximity of Asp-61 to Ala-24, i.e. the two residues are within van der Waals contact with the Cp-Cp distances of 3.2A. It is easy to imagine how transposition of the carboxyl group from one residue to the other could lead to a nearly equivalently functioning protein, as is observed in the Asp-24Gly-61 double mutant. We presently expect to complete structural analysis of subunit c using heteronuclear threedimensional and four-dimensional NMR experiments, which are required to resolve extensive resonance overlaps. These experiments are currently in progress. At this time we can speculate on the general folding of subunit c in the lipid bilayer, using restraints from the modelled local region of Tyr-10 to Ma-25 and Phe-54 to Ala-77 Figure 2 Suggested folding of subunit c based upon current distance constraints between transrnembrane a-helices
The constraints used in the local model summarized in Figure I [9], and those derived from two-dimensional NMR experiments with unmodified subunit c [7] were combined and used as input for modelling by distance geometry and dynamic simulated annealing with the program XPLOR The restraints between aromatic clusters at the top and bottom of the structure are emphasized The loop region in the model shown is very similar to that in the other low-energy structures generated in this exercise The constraints for packing of the two helices appear to limit possible folding regimens However, all structural details in this region are speculative The protein model has been placed in a bilayer of dioleoylphosphatidylethanolamine, modelled according to Peitzsch
together with the limited restraints from studies of the unmodified protein.
The interhelical NOES at either end of the proposed transmembrane helices severely constrain packing of the helices and the general structure of the loop. The lowest energy model is shown in Figure 2 . The pK, of the six carboxyl groups of subunit c have been measured in C/M/W solvent (F.
Assadi and R. H. Fillingame, unpublished work). These include three Asp, two Glu and the Ala-79 C-terminal carboxyl groups. The striking finding is the very high pK, of 7.1 determined for Asp-61. The pK, of the other five carboxyl groups are predictably elevated by 1.5 pH units over that expected in aqueous solution, i.e. pK, values 5.5-6.0. The abnormally high pK, of Asp-61 suggests specific folding of the protein to provide a unique environment. T h e modelling suggests that the carboxyl group may be buried in a hole created by hydrophobic side chains including Met-65, Met-57, Val-60 and perhaps Ile-28. An elevated pK, would be expected in such a hydrophobic local environment. The pK, of Asp-24 in the Asp-24Asn-61 double mutant protein has also been determined and is 6.9. The high pK, in this case supports the proposal that the essential carboxyl group must lie in the same unique environment, irrespective of the helix to which it is anchored. Protonation/deprotonation of Asp-61 in F, in situ is predicted to affect the conformation of the loop region to promote conformational coupling with F1 (discussed in greater detail below). Interestingly, the pH titrations with isolated subunit c indicate a global conformational change in the loop region on ionization of Asp-61, which is manifested by a large change in the chemical shift of Pro-43 (F. Assadi and R. H. Fillingame, unpublished work). Other perturbations around Asp-61 also manifest themselves by more global changes in the loop region. For example, DCCD modification of Asp-61 results in large changes in the chemical shift of Asp-44 in the loop as well as other local changes at the N-terminus [7] . DCCD modification and substitutions at Asp-61 had previously been predicted to alter the coupling communication between F, and FI [12,13]. The preliminary studies described here indicate that subunit c may be quite conformationally active, even in its isolated state.
Characteristics of Asp-6 I -mediated H+ transport
We have hypothesized for some time that Asp-61 undergoes sequential protonation/deprotonation during the H + transport cycle. The Asp-61 +Gly and Asp-61 +Asn substitutions totally abolish function [2] ; lack of function by the Asp-61 +Am mutant strongly suggests a requirement for an ionizable group at this position. More recently, Dimroth and colleagues have shown that the Na+-translocating F,F1 ATP synthase of Propionigenium modestum can interchangeably translocate H + or Na', when the total "a' ] is low, and that H + and Na' appear to compete for the same binding site [14] . The binding site would appeaer to be Glu-65 in the P. modestum subunit c (equivalent to E. coli Asp-61) since Na+ binding prevents reaction of the Glu-65 carboxyl group with DCCD [ 15,161. We have recently systematically replaced hydrophobic residues surrounding Asp-61 in E. coli subunit c with the more polar counterparts found in the P. modestum subunit in the hope of generating a Na' binding site [17] . We ultimately generated an enzyme in which H + transport was inhibited by Li' in a manner that was seemingly competitive with H + binding. Four substitutions were required in the sequence surrounding Asp-61, i.e. ValAsp-6lAlaIle+AlaGlu-61SerThr. The Glu and Ser substitutions were absolutely required for Li' binding. Ala or Gly could replace Thr, i.e. a small or flexible residue may be required at this position. We have suggested that the oxygens of the Glu-61 and Ser-62 side chains, perhaps together with the Glu-61 carbonyl group, could serve as liganding groups for the bound Li'. The combination of studies now provides compelling evidence that Asp-61 in E. coli and Glu-65 in P. modestum are the sites of H+ andor Na+/Li+ binding in F,.
The competitive transport of Na' and H + by the P. modestum enzyme would seem to rule out a shared mechanism involving a proton wire. Rather, it would seem more likely that the Na+ or H + would reach the carboxylate binding site via an aqueous pathway, possibly analogous to the gramicidin water channel. Our interest in a possible water channel was renewed during analysis of the Asp-24Asp-61 mutant, which contains Asp at both position 24 and position 61 [ 181. Proton translocation activity (and cell growth) was inhibited at alkaline pH. The pH dependence of function suggested that one of the carboxyl groups had to be protonated for the other to function in the sequential protonationl deprotonation event of the transport cycle. The pK, of the group requiring protonation was esti-mated to be approximately 7.3. Subsequently, we determined the pK, of Asp in the Asp-24Asp-61 protein by the NMR methods described above; the pK, of Asp-24 and Asp-61 were 7.1 and 6.9 respectively, i.e. very close to that predicted from analysis of F, in situ. In summary, H+ in the aqueous phase must have access to the Asp-24 region of subunit c from the outer surface of the membrane; conceivably this may be via an aqueous channel.
The H+-transporting activity of F, has been measured in two ways. In the first, where the rate of ATPase-coupled H + transport is measured, the rate-limiting step could involve ATP hydrolysis, coupling or H+ translocation. A second means is to remove F1 from F, and then measure passive H + translocation after imposition of a membrane potential or pH gradient. We have argued previously that the kinetic constants for these two processes need not agree [2] . Passive H + translocation may involve one form of the active carboxylate, with a single pK,. Active, ATPase-driven H + transport requires that the active carboxylate undergo a change in pK, such that H + binds to the high pK, form and is released by the low pK, form, or vice versa during ATP synthesis. The conformational changes leading to the change in pK,, which must be coupled to conformational changes in the polar loop and subsequent changes in catalytic sites in F1, may be rate limiting. Mutant analysis has provided some interesting insights. Zhang and Fillingame [18] sought to optimize function in a series of Asp-24Xaa-61 subunit c mutants. The Asp-24Asn-61 mutant grew best by oxidative phosphorylation and showed the highest rates of ATPase-coupled H + transport. However, on removal of F1, passive H + translocation by the Asp-24Asn-61 F, was not evident.
The Asp-24Gly-61 and Asp-24Ser-61 mutants were less active in ATPase-coupled H + transport, but on removal of FI, passive rates of H + translocation by F, approached that of wild type.
There are two take-home messages here. First, the slower-than-wild-type rates of ATPasecoupled H+ transport in the Asp-24Gly-61 and Asp-24Ser-61 mutants may be attributed to slower conformational changes related to converting Asp-24 between its high and low pK, form, or vice versa. Secondly, it is clear that the passive rate of H+ translocation by F,, following removal of F1 need not reflect the active ATPasecoupled H + transport activity of F,FI. In the case of the Asp-24Asn-61 mutant, removal of F1 Volume 
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apparently causes collapse of the passive H+ translocation pathway.
We have selected approx. 20 pseudorevertants to the subunit c Asp-24Gly-61 double mutant in which a third site mutation optimizes function [19] . It now seems likely that the optimized function is due to acceleration of the conformational movements necessary for the transition between the high pK, and low pK, forms of the essential carboxylate, i.e. Asp-24 in this case. These optimizing mutations map to two general regions, which are the C-terminal helix of subunit c and one face of the fifth transmembrane helix of subunit a , as predicted by the six-membrane-spanning helix model. We suggested that the optimizing mutations may facilitate interaction between helix-5 of subunit a and the bihelical unit of subunit c, which in this case anchors the essential carboxylate at Since the Asp-24Gly-61 double mutant shows near normal rates of passive H + translocation, the interaction facilitated may involve movement of helices related to changes in pK,, to the pK,-coupled conformational changes, etc.
Subunit c and FI interactions coupling H+ transport to ATP synthesis
We initially proposed that the polar loop of subunit c was involved in coupling proton translocation to ATP synthesis/hydrolysis based upon the 'uncoupled' phenotype of the Gln-42-Glu mutant [20] . Subsequently, the conserved Arg-41 residue in the loop was shown to be essential [21] . The Arg-41-L~~ mutant has an 'uncoupled' phenotype very similar to that of the Gln42+Glu mutant. T o learn more about the possible coupling interaction with F1, we selected pseudorevertants to the Gln-42-Glu mutant in the hope that some would map to F1. Four pseudorevertants mapping outside of subunit c were isolated, and surprisingly, all four mapped to residue 31 of the E subunit, i.e. Glu-31+Gly, Glu-3 1 +Val and Glu-3 1 +Lys (found twice) [22] . The Glu-31 residue proved to lie in the most conserved region of subunit E ( Figure 3) ; the richness of conserved Gly residues in the region could suggest a conformational flexibility. The question that emerged was whether this region interacts directly with the loop region of Figure 3 Schematic summary of organization of subunit E The two-domain structure is suggested by the work of Kuki et al. [23] . Conserved amino acids are indicated in the primary structure; some secondary structural predictions [24] are indicated. The sites of cross-linking with other subunits following derivatization of Cys with bifunctional maleimides are shown [25, 26] , A seryl residue in the sequence 106-I08 can be cross-linked to the DELSEED sequence of subunit j by N-ethyl-N'-dimethylaminopropylcarbodiimide [ 2 7 . Cross-linking is dependent upon binding of Mg-ADP-P, at catalytic sites [28] . The y subunit associates preferentially with an &-tagged ap pair under these conditions [29] . The C-terminal domain appears to function in inhibiting the ATPase activity of F, [30] , but the segment following residue 78 appears to be non-essential [23] . [31] . The Asp-44+Cys mutant proved to be hyper-reactive and formed cross-links with E and y, even when Cys was lacking in these subunits. The general site of cross-linking in the C-terminal 85 residues of subunit y was recently defined in collaborative experiments [32] . The most likely site is, of course, in the 'stalk' region of the F1 structure that protrudes from the bottom of the atomic resolution model [33] .
Given current structural models, the crosslinking of subunit c to subunit E is somewhat surprising. As shown in Figure 2 , it is unlikely that the loop region of subunit c extends much above the plane of the membrane. Subunit E was not resolved in the atomic resolution structure by F1 by Abrahams et al. [33] . However, in the preceding lower resolution model, a lobe of the size predicted for subunit E (E. coli E is equivalent to bovine S) was shown attached to the stalk [34] . If the lobe is E , it is likely that the N-terminal domain including residue 32 is in the lower region. Importantly, the lobe does not extend the full length of the stalk. Cross-linking to the polar loop of subunit c would require vertical movement of the lobe region downward toward the plane of the membrane. Conceivably this happens when F, is bound to F,, or during the H+-pumping catalytic cycle of ATP synthesis.
